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Abstract

Hydrogen (H2) protects against inflammation-induced oxidative stress. Nondigestible saccharides (NDSs) enhance colonic

H2 production. We examined whether colonic H2 transfers to tissues in the abdominal cavity and whether it affects

expression of proinflammatory cytokines. In Expts. 1 and 2, rats were fed diets containing fructooligosaccharides [FOSs;

25 (Expt. 1) and 50 g/kg (Expts. 1 and 2)] for 7 and 14 d, respectively. The no-FOS diet was used as the control diet. At the

end of the experiment, H2 excretion and the portal H2 concentration were significantly greater in the FOS group than in the

control group. In the FOS group, the arterial H2 concentration was no more than 1.5% of the portal H2 concentration (P =

0.03). The H2 concentration in abdominal cavity tissues, especially adipose tissue, in the FOS group was 5.6- to 43-fold of

that in the control group (P < 0.05). The H2 content in the abdominal cavity in the FOS group was 11-fold of that in the

control group (P < 0.05). In Expt. 3, rats were fed a high-fat diet containing FOS and inulin (50 g/kg) for 28 d. The area under

the curve for H2 excretion between 0 and 28 d and portal and adipose H2 concentrations were significantly higher in the

FOS and inulin groups than in the high-fat control group. Adipose mRNA abundance of nuclear factor kappa-light-chain-

enhancer of activated B cells 1 was lower in the FOS group than in the control group (P = 0.02) and those of interleukin-6

and chemokine (C-C motif) ligand 2 tended to be lower (P < 0.11). Colonic H2 generated from NDS diffuses to the

abdominal cavity before transferring to abdominal tissues. Reduced cytokine expression by FOS feeding might be de-

pendent on increased colonic H2. Colonic H2 may have important implications in the suppressive effect on metabolic

syndrome via oxidative stress. J. Nutr. doi: 10.3945/jn.113.183004.

Introduction

Excessive oxidative stress can trigger the onset and progression
of various metabolic syndromes such as diabetes mellitus, hy-
pertension, obesity, dyslipidemia, and proinflammatory status
(1,2). Research to identify and elucidate the function of anti-
oxidant substances to reduce oxidative stress is under way (3).
The effect of hydrogen (H2) in reducing oxidative stress has been
clarified. The reduction of oxidative stress in vivo has been
confirmed in rodents administered H2 through inhalation of H2

gas and drinking H2 water (4–9), suggesting that H2 may con-
stitute a powerful, safe antioxidant in vivo. The consumption of

nondigestible saccharides (NDSs)6 such as oligosaccharide, die-
tary fiber, and resistant starch that form fermentation substrates
in the large intestine results in the generation of large quantities
of H2 (10–12). Our previous studies in a hepatic ischemia-
reperfusion rat model clarified that H2 generated by fermenta-
tion in the large intestine possesses the same antioxidative action
as H2 obtained through drinking water or inhalation (13).

A large proportion of H2 generated in the large intestine is
excreted in the breath and flatus. However, the shift of generated
H2 to various organs and tissues remains unclear. Low concen-
trations of H2 can be detected in the arterial blood, because
almost all of the H2 absorbed into the portal blood is excreted by
lung gas exchange. H2 is the smallest molecule known to exist1 Supported in part by a Regional Innovation Strategy Support Program ‘‘Tokachi
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(covalent radius and Van der Waals radius are 31 and 120 pm,
respectively). H2 is a nonpolar molecule and its solubility in fat is
3–5 times greater than that in water (14,15). From these find-
ings, H2 should be able to pass through the wall of the large
intestine and portal vein and then diffuse into the abdominal
cavity. We propose that some of the H2 generated in the large
intestine transfers into the abdominal cavity. High H2 generation
in the large intestine could be an effective means to suppress
oxidative stress in vivo.

Obesity is associated with low-grade inflammation in adipose
tissue (1). The inflammation can be attributed to increased oxi-
dative stress and secretion of cytokines and chemokines, re-
sulting in insulin resistance (1). High H2 concentrations in the
adipose tissues could be a potential factor in preventing inflam-
mation. The fermentation of fructans, such as FOS and inulin, in
the large intestine generates a higher amount of H2 than lactulose,
galactosyl sucrose, and isomalto-oligosaccharide fermentation
(16,17). Recently, we found that fructan and galactan, but not
glucan, were good fermentation substrates by which abundant
H2 was generated (N. Nishimura, H. Tanabe, A. Shishido,
T. Yamamoto, M. Fukushima, unpublished data). Therefore, in
the present study, we examined whether H2 generated by fer-
mentation of fructooligosaccharide (FOS) and inulin in the large
intestine transfers to the tissues in the abdominal cavity and
whether H2 affects the expression of proinflammatory cytokines
in adipose tissues.

Materials and Methods

Samples. FOS [Meioligo-P; degree of polymerization (DP), 2–4] and
inulin (Tokachi-inulin derived from chicory; DP, 2–54; mean DP, 14)

were kindly supplied by Meiji Food Materia and Nippon Beet Sugar

Manufacturing, respectively.

Rats and diets. The study was approved by Nayoro City University

Animal Care and Use Committee and the rats were maintained in ac-

cordance with guidelines for the care and use of laboratory animals,
Nayoro City University. Male Sprague-Dawley rats weighing 200–230 g

(7 wk old; Expts. 1 and 2) and 260–280 g (8 wk old; Expt. 3) were

obtained from Japan SLC (Haruno colony). They were housed in in-

dividual stainless steel cages with screen bottoms in a room maintained
at 23 6 1�C with humidity ranging from 50 to 70% and under lighting

conditions of 12 h light/12 h dark (0700–1900 h) daily. Coprophagy was

allowed. The rats were acclimatized by feeding a 25% casein control diet
for 3 d in Expts. 1 and 2 and an normal-fat control diet (NFC) diet (12%

fat:energy ratio) for 10 d in Expt. 3 (Supplemental Table 1). At the end of

the experimental period, rats were killed by cervical dislocation under

anesthesia after sampling of blood and tissues.

Expt. 1. To determine the movement of H2 generated in the large in-

testine, we examined the changes in H2 concentration that occurred in

various tissues in rats fed a diet containing different amounts of FOS.
After the acclimation period, breath and flatus H2 excretion per 5 min

was measured by placing the rats inside a sealed polypropylene chamber

for 5 min. GC (Biogas analyzer BAS-1000; Mitleben) was used to de-
termine breath and flatus H2 excretion. Eighteen rats were assigned to

3 groups (n = 6) based on breath and flatus H2 excretion and body weight.

The first group was administered the control diet and the second and

third groups were administered diets containing FOS (25 or 50 g/kg) for
7 d. FOS supplementation was achieved by replacement of an equal

weight of cornstarch in the control diet.

Expt. 2. To determine the route of H2 generated in the large intestine to
the abdominal tissues, including the adipose tissues, we examined the

changes in H2 concentration in the abdominal cavity and aortic blood in

rats fed a diet containing FOS. After the acclimation period, breath and

flatus H2 excretion per 5 min was measured using the same method as in

Expt. 1. Twelve rats were assigned to 2 groups (n = 6) based on breath

and flatus H2 excretion and body weight. The first group was admin-

istered the control diet and the second group was administered the diet
containing FOS (50 g/kg) for 14 d. FOS supplementation was achieved

by replacement of an equal weight of cornstarch in the control diet.

Expt. 3. To determine the effect of H2 generated in the large intestine on

obesity-induced, low-grade, chronic inflammation in adipose tissue, we

examined the change in mRNA abundance of inflammatory cytokines
and chemokines in perirenal adipose tissue in rats fed a high-fat control

diet (HFC; 46% fat:energy ratio) containing FOS and inulin (50 g/kg)

(Supplemental Table 1). FOS and inulin supplementation was achieved

by replacement of an equal weight of cornstarch in the HFC diet. After
the acclimation period, breath and flatus H2 excretion per 5 min was

measured using the same method as above. Thirty-two rats were as-

signed to 4 groups (n = 8) based on breath and flatus H2 excretion and
body weight. The first, second, third and fourth groups were adminis-

tered the NFC diet, the HFC diet, and the HFC diet containing FOS or

inulin for 28 d, respectively. A power analysis of H2 excretion on d 28

was conducted using SAS JMP (version 9.0.2). The least significant
number and statistical power were 17.3 and 0.479, respectively.

Sampling. On the last day of the experiment, rats were anesthetized

with sodium pentobarbital (50 mg/kg body weight). In Expt. 1, after

immediate laparotomy, 1 mL of blood was removed from the portal vein

and the abdominal aorta into sealed heparin vials for H2 analysis. Also,
;1 g of liver, spleen, kidney, perirenal adipose tissue, testis, epididymal

adipose tissue, lung, and brain were immediately removed into sealed

vials for H2 analysis. An appropriate volume sample of the gaseous phase

was withdrawn using a gas-tight syringe and H2 concentration was
determined using GC (Biogas analyzer BAS-1000; Mitleben). In Expt. 2,

rats were i.p. injected with 3 mL of sterilized saline. Following 30 s of

standing, we immediately performed laparotomy and then 1 mL of
injected saline was collected into sealed vials. Then 1 mL of blood was

removed from the portal vein and the abdominal aorta into sealed

heparin vials for H2 analysis. Also, 1 g of liver, perirenal adipose tissue,

and epididymal adipose tissue were removed into sealed vials for H2

analysis. The H2 concentration was determined as above. In Expt. 3,

after immediate laparotomy, 1 mL of blood was removed from the portal

vein into sealed heparin vials and then ;1 g of perirenal adipose tissue

was removed into sealed vials for H2 analysis. H2 concentration was
determined as above. An aliquot of the remaining tissue was stored at

230�C for RNA extraction after treatment with RNAlater (Life Tech-

nologies). The cecum was removed and weighed and the cecal content
was collected and stored at –80�C in air-tight tubes until SCFA and

bacterial DNA analysis. The cecal wall was blotted and weighed after

rinsing in an ice-cold saline solution.

Real-time RT-PCR analysis of mRNA abundance of Nfkb1, Il6,

Tnfa, and Ccl2. Total RNA was extracted from the perirenal adipose
tissue using the RNeasy Mini kit (Qiagen) and reverse-transcribed using

the Reverse Transcriptase kit (PrimeScript RT reagent kit, Takara Bio).

Genomic DNA was removed by on-column DNase digestion using the

RNase-Free DNase Set (Qiagen). The primers for rat Il6, chemokine
(C-C motif) ligand 2 (Ccl2), tumor necrosis factor (Tnfa), and ribosomal

protein S18 (Rps18) were designed by TaKaRa Perfect Real Time

Support System (Takara); the sequences are listed in Supplemental Table

2. Rps18 was used as an endogenous control. Primers for the nuclear
factor kappa-light-chain-enhancer of activated B cells (Nfkb1) gene (ac-

cession no. NC_005101.3) (18) were designed to cross an exon-intron

junction using Primer3Plus (http://primer3plus.com/cgi-bin/dev/primer3plus.
cgi). Real-time PCR was carried out in duplicate for each sample on an

Agilent Mx3000P (Agilent Technologies) using the SYBR Premix Ex Taq

II kit (Takara). The specificity of the PCRs was determined by dis-

sociation curve analysis. For each sample, results were normalized to
Rps18 values and calculated as arbitrary units.

qPCR of microbial cecal content. Bacterial DNA was isolated from

frozen cecal contents using a DNA extraction kit (ISOFECAL for Beads

Beating kit, Nippon Gene) according to the manufacturer�s protocol,
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except for sample disruption. Frozen cecal contents (200 mg) were dis-

rupted at 2700 rpm for 90 s using a Multi-Beads shocker (MB601U,

Yasui Kikai). Extracted DNA samples were dissolved in DNase-free Tris-
EDTA buffer (pH 8.0; 10 mmol/LTris-HCl, 1 mmol/L EDTA) and stored

at –30�C until qPCR analyses. The PCRwas performed in a total volume

of 20 mL. All bacteria were detected using the SYBR Premix Ex Taq II

(Takara), with 200 nmol/L each of respective primers and <1 ng DNA for
each reaction. As shown in Supplemental Table 2, the primers used to

detect the bacteria were based on 16S rRNA gene sequences (19). The

PCR amplification reactions were carried out according to the method of

Guo et al. (19). Detection was carried out on an Agilent Mx3000P
(Agilent Technologies). Ten-fold serial dilutions of known quantities of

TA cloning vector (pCR2.1-TOPO, Life Technologies) with inserted 16S

rDNA from Lactobacillus acidophilus (JCM1132) or Bacteroides vulgatus
(JCM5826) were used to generate standard curves to count copies of total

bacteria of Firmicutes or Bacteroidetes, respectively. Absolute rDNA abun-

dance was calculated based on the standard curves. Each assay was per-

formed in duplicate in the same analysis.

SCFA analysis. After homogenization of cecal contents, cecal organic

acids (acetate, propionate, and n-butyrate) were measured using an HPLC

system (LC-10A, Shimadzu) equipped with a Shim-pack SCR-102H
column (8 mm i.d. 3 30 cm long, Shimadzu) and an electroconductivity

detector (CDD-6A, Shimadzu) (20). Briefly, ;300 mg cecal content was

homogenized in 2 mL of 10 mmol/L NaOH containing 0.5 g/L crotonic
acid as an internal standard and then centrifuged at 10,000 3 g at 4�C
for 15 min. The supernatant was subjected to HPLC analysis after de-

proteinization with an equal volume of chloroform.

Statistical analysis. Values obtained from the experiments were ex-

pressed as means 6 SEMs. Data were subjected to Bartlett�s test for

homogeneity of variances, and unequal variances were stabilized by log

transformation. For samples with equal variances, 1-factor ANOVAwas
used, followed by Tukey-Kramer post hoc test for multiple comparisons

between individual group means. If sample variances were still unequal

after log transformation, we used the Steel-Dwass test. Furthermore, we

used the Student�s t test for data in Expt. 2 and between the NFC and
HFC groups in Expt. 3. Repeated-measures, 2-factor ANOVAwas used

to analyze the change in H2 excretion among the 3 high-fat groups across

time. H2 excretion within an individual group was compared with
repeated-measures, 1-factor ANOVA. Comparisons among the 3 high-

fat groups at specific time points were made by Tukey-Kramer test.

Pearson correlation tests were used to evaluate the association between

portal H2 concentration and adipose mRNA abundance of cytokines in
the 3 high-fat groups. All statistical analyses were performed using SAS

JMP software (version 9.0.2). Significance was defined as P < 0.05.

Results

Expt. 1. Body weight gain and food intake did not differ among
the 3 groups (data not shown). Coprophagy was not observed.
Breath and flatus H2 excretion and portal H2 concentration were
dose dependently higher in rats receiving dietary FOS supple-
mentation (Fig. 1A); however, no significant difference was
observed in the aortic H2 concentration. The H2 concentration
in the liver, kidney, and adipose tissues dose dependently in-
creased by FOS feeding compared with the control group and in
the 5% FOS group was 23-, 43-, and 37-fold of the respective
value in the control group (P = 0.0141).

Expt. 2. Body weight gain and food intake did not differ among
the groups (data not shown). Coprophagy was not observed. As
in Expt. 1, breath and flatus H2 excretion and portal H2 con-
centration were significantly higher in the FOS group compared
with the control group (Fig. 1B). Only small aortic H2 con-
centrations were detected. In addition, high H2 concentrations in
the liver and perirenal fat were detected in rats fed the FOS diet
compared with the control group. Interestingly, H2 concentrations

in the abdominal cavity were ;10 times greater in the FOS
group than in the control group (Fig. 1B).

Expt. 3. Food intake in the HFC group was significantly lower
than that in the NFC group, but energy intake and body weight
gain did not differ between the 2 groups (Table 1). There were
no significant differences in food intake of the 3 high-fat groups.
Body weight gain tended to be lower in the group fed the high-fat
control diet supplemented with inulin (HFI) than in the HFC
group (P = 0.09), but there was no significant difference among
the 3 high-fat groups. Coprophagy was not observed. Breath and
flatus H2 excretion was significantly higher in the group fed the
high-fat control diet supplemented with fructooligosaccharide
(HFF) and HFI groups than in the HFC group, and the high level
was maintained for 28 d (Fig. 2). The AUC for 0–28 d in breath
and flatus H2 excretion (AUC0–28d) and portal H2 concentration
were significantly greater in the HFF and HFI groups than in the
HFC group (Table 1). Perirenal fat H2 concentration was also
higher in the HFF and HFI groups compared with the HFC
group. Adipose mRNA abundance of Nfkb1 was significantly
lower in the FOS group than in the control group (P = 0.023) and
those of Il6 and Ccl2 tended to be lower (P < 0.11) (Table 1).
Adipose mRNA abundance of Nfkb1 or Il6 was inversely
correlated with portal H2 concentration among the 24 rats fed

FIGURE 1 Breath and flatus H2 excretion and portal blood, aorta,

abdominal cavity, and tissue H2 concentrations in rats fed diets con-

taining 0–5% FOS in Expts. 1 (A) and 2 (B). Values are means 6 SEMs,

n = 6. In A, labeled means for a variable without a common letter

differ, P , 0.05. In B, asterisks indicate different from the control

group: *P , 0.05, **P , 0.01. Units for H2 in breath and flatus are

mmol/5 min; in blood, mmol/L; in tissue, mmol/kg, and in the abdominal

cavity, nmol. C, rats fed the control diet; FOS, fructooligosaccharide;

2.5% FOS and 5% FOS, rats fed the control diet containing 2.5% and

5% fructooligosaccharides, respectively.
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the HFC, HFF, and HFI diets (r = 20.42, P = 0.04; r = 20.40,
P = 0.05, respectively) and those of Ccl2 tended to be inversely
correlated (r = 20.37; P = 0.08).

The weights of cecal tissue and contents were significantly
greater in the HFF andHFI groups than in the HFC group (Table
2). The concentrations of acetate and butyrate in the cecal con-
tents were higher in the HFF and HFI groups compared with the
HFC group, but the propionate concentration did not differ
among the 3 groups. The total number of bacteria was signi-
ficantly higher in the HFI groups. The abundance of Firmicutes
was significantly greater in the HFF and HFI groups than in the
HFC group. In addition, the abundance of Bacteroidetes was

significantly higher in the HFI group compared with the HFC
and HFF groups.

Discussion

Recently, inhaled H2 gas and administered H2 water have been
reported to have an antioxidative effect in rodents with oxi-
dative stress (4–10,12,14,19,21–25). In our previous study, we
found that H2 generated by fermentation of pectin and resistant
starch in the large intestine alleviated hepatic oxidative stress
induced by hepatic ischemia-reperfusion in rats (13,26). H2

generated during intestinal fermentation has the advantage of
delivering a continuous supply in vivo for as long as fermenta-
tion is sustained. However, the distribution in the body of H2

generated in the large intestine has remained unclear, although
much of the H2 is excreted via breath and flatus (10–13).

In the present study, we found that part of the H2 generated in
the large intestine diffused into the abdominal cavity and was
then localized in various tissues, especially the adipose tissues.
The H2 concentration in aortic blood was small, suggesting that
H2 in tissues of the abdominal cavity is predominantly depen-
dent on distribution by diffusion from the large intestine. H2

should be able to pass through the wall of the large intestine,
because it is a very small molecule: the covalent radius and Van
der Waals radius are 31 and 120 pm, respectively. Our results
suggest that H2 generated in the large intestine could have a
potential effect on the redox levels in the abdominal tissues. H2

is a nonpolar molecule and its solubility in fat is 3–5 times
greater than that in water (14,15). This difference in solubility
suggests why much of the H2 accumulated in the adipose tissue
compared with other tissues. To the best of our knowledge, there
have been few studies demonstrating the diffusion of H2 into the
abdominal cavity from the hindgut and the localization of H2 to
adipose tissues. An increased concentration of H2, an antioxi-
dant molecule, in the adipose tissue by the administration of
NDS, such as FOS, dietary fiber, and resistant starch, could be
important, because the changes occurring in obese adipose tis-
sue, including increased oxidative stress, leads to insulin re-
sistance, and metabolic syndrome.

TABLE 1 Food and energy intake, body weight gain, breath and flatus H2 excretion, portal and
abdominal H2 concentrations, and abdominal mRNA abundance in rats fed high-fat diets containing 5%
fructan in Expt. 31

NFC HFC HFF HFI

Food intake, g/28 d 654 6 15 555 6 22 526 6 21 493 6 21

Energy intake, MJ/28 d 10.2 6 0.2 10.9 6 0.4a 9.92 6 0.4ab 9.3 6 0.4b

Body weight gain, g/28 d 133 6 5 156 6 10 137 6 8 125 6 11

Breath and flatus H2 excretion AUC0–28 d, mmol 1.00 6 0.45 1.10 6 0.27b 96.7 6 17.4a 55.5 6 10.2a

Portal H2, mmol/L 0.542 6 0.286 0.656 6 0.231b 8.82 6 1.06a 7.64 6 1.01a

Perirenal fat

Weight, g/100 g body weight 2.38 6 0.15 2.85 6 0.17 2.91 6 0.14 2.40 6 0.15

H2, mmol/kg 0.654 6 0.156 0.961 6 0.223b 9.04 6 2.95a 12.7 6 3.5a

mRNA abundance, fold of that in NFC

Il6 1.00 6 0.40 0.987 6 0.494 0.117 6 0.022 0.194 6 0.047

Tnfa 1.00 6 0.11 0.723 6 0.121 0.497 6 0.050 0.717 6 0.094

Ccl2 1.00 6 0.15 1.03 6 0.20 0.580 6 0.042 0.777 6 0.140

Nfkb 1.00 6 0.04 1.09 6 0.05a 0.883 6 0.059b 0.951 6 0.040ab

1 Values are means 6 SEMs, n = 8. No significant difference in the variables was observed between the NFC and HFC groups. Labeled

means of 3 high-fat groups in a row without a common letter differ, P , 0.05. Ccl2, chemokine (C-C motif) ligand 2; HFC, high-fat, control

group; HFF, group fed the high-fat control diet supplemented with 5% fructooligosaccharide; HFI, group fed the high-fat control diet

supplemented with 5% inulin; Il6, interleukin-6; NFC, NFC, normal-fat, control group; Nfkb1, nuclear factor kappa-light-chain-enhancer of

activated B cells; Tnfa, tumor necrosis factor-a.

FIGURE 2 Change in breath and flatus H2 excretion in rats fed the

NFC, HFC, HFF, and HFI diets for 28 d in Expt. 3. Values are means,

with their SEs represented by vertical bars, n = 8. Labeled means at a

specific time point without a common letter differ, P , 0.05. No

significant difference between the NFC and HFC was observed at a

specific time point. Repeated-measures, 2-factor ANOVA was used to

analyze H2 excretion among the 3 high-fat groups across time (fructan,

P , 0.0001; time, P = 0.0001; interaction, P = 0.0008). Within each

group, all time points differed from d 0 (P , 0.05) but did not differ

from one another. HFC, high-fat, control diet; HFF, high-fat control diet

supplemented with fructooligosaccharide; HFI, high-fat control diet

supplemented with inulin; NFC, normal-fat, control diet.
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Obesity is recognized as a chronic low-grade inflammatory
condition, characterized by abnormal adipocytokine produc-
tion, such TNFa, IL6, and CCL2, and the activation of some
proinflammatory signaling pathways, resulting in the induction
of insulin resistance. Adipose inflammation is also associated
with oxidative stress (1,27). The suppression of oxidative stress
would be an important strategy in the protection against insulin
resistance, because elevated oxidative stress promotes the sec-
retion of proinflammatory adipocytokine. The localization of
H2, generated in the large intestine, in the adipose tissue could
contribute to the alleviation of oxidative stress and inhibition
of chronic inflammation. We suggest the preventive effect of
dietary fiber and resistant starch on the development of meta-
bolic syndrome is partially dependent on the alleviation of
oxidative stress by H2. A significant reduction and a trend of
reduction in the mRNA abundance of Nfkb1 in perirenal
adipose tissue were observed in rats fed the HFF and HFI diets,
respectively, when compared with the HFC group. In addition,
adipose mRNA abundance of Il6 in the HFF andHFI groups was
12% and 20% of that in the HFC group (P = 0.11 and 0.15),
respectively. Our results suggest that increased H2 concentration
in adipose tissue by FOS and inulin feeding might suppress
oxidative stress, thus alleviating inflammation.

Some investigators reported that feeding of NDS reduced
adipose and leukocyte gene expression of proinflammatory cyto-
kines and chemokines in rats and mice fed a high-fat diet (28,
29). Cani et al. (28) demonstrated that changes in gut microbiota
controlled metabolic endotoxemia and inflammation by a
mechanism that could increase intestinal permeability. In addi-
tion, they showed that an increased number of bifidobacteria,
due to oligofructose feeding, contributed to the pathophysio-
logical regulation of endotoxemia and the reduction in mRNA
abundance of cytokines in visceral adipose tissue in high-fat–fed
rats (28). Thus, these results suggest that it may be useful to
develop specific strategies for modifying gut microbiota in favor
of bifidobacteria to prevent the deleterious effects of high-fat
diet-induced metabolic diseases. In our present study, the in-
creased Firmicutes:Bacteroidetes ratio observed in rats fed FOS
may contribute to reduced cytokine and chemokine expression.
Most (90%) of the phylotypes of gut bacteria are members of

2 phyla: the Bacteroidetes (Gram-negative) and the Firmicutes
(Gram-positive), so the change in this ratio represents the modi-
fication of cecal microbiota after FOS treatment. However,
further investigation is required to verify that the observed in-
crease in the Firmicutes:Bacteroidetes ratio after FOS feeding
could be mediated by the types of bacteria.

SCFAs, fermentation products of NDS by gut bacteria, have
been reported to be modulators of cytokine and chemokine ex-
pression (29–31). In the present study, FOS and inulin enhanced
the production of SCFA in rats fed high-fat diets. However, after
feeding dietary fiber the increase in these acids in arterial blood
could be barely detected (32). Unlike the H2 molecule, SCFAs
scarcely diffuse to the abdominal cavity from the lumen of the
large intestine, suggesting that most of the SCFA would not be
supplied to the adipose tissues. In a recent study, small amounts
of acetate, propionate, and butyrate in human arterial blood of
;200, 3, and 3 mmol/L, respectively, were detected using a
liquid chromatography-MS technique (33). In the present study,
arterial SCFAs were not determined. Therefore, the possibility
that SCFAs mediate adipose mRNA expression of cytokines
cannot be denied. The impact of SCFA on adipose cytokine ex-
pression remains unclear and further study is required to de-
termine the effect of various fermentation products derived from
NDS, including SCFAs.

Fructans were added to the diet at doses of 2.5% and 5% in
this study. This corresponds to 10–20 g of fructans if dry matter
in the daily human diet is 400 g. In Europe, the estimated daily
consumption of fructans is 3–11 g/d (34). Therefore, the dose of
fructans in this study seems not to be excessive. In addition, the
experiment using diets containing 5% fructan is conservative in
rodent experiments. FOS, a low-DP fructan, is fermented more
rapidly and produces more gas than inulin, a high-DP fructan
(35). The AUC0–28d in the HFF group was 174% of that in the
HFI group (P = 0.051). Low DP fructan could be a good source
to supply a large amount of H2 in the body. Also, although no
significant difference was observed, adipose mRNA abundance
of Il6, Ccl2, and Nfkb1 in the HFF group was 60%, 69%, 75%,
and 93% of the respective amounts in the HFI group. The lower
the DP of fructan, the adipose mRNA abundance might decrease
due to the rapid fermentation rate of low-DP fructan.

TABLE 2 Weight of cecal tissue and content, cecal SCFA concentration and bacterial counts and ratio in
rats fed high-fat diets containing 5% fructan in Expt. 31

NFC HFC HFF HFI

Tissue, g 0.796 6 0.022 0.780 6 0.017 1.11 6 0.05 1.15 6 0.05

Contents, g 2.85 6 0.20 2.52 6 0.14 4.94 6 0.36 5.07 6 0.34

SCFA, mmol/g

Acetate 38.6 6 1.7 36.0 6 1.1b 50.7 6 2.7a 50.6 6 2.6a

Propionate 11.6 6 0.6** 8.99 6 0.39 6.30 6 1.44 8.91 6 1.18

n-Butyrate 2.99 6 0.36 2.35 6 0.17b 17.1 6 1.1a 14.5 6 1.4a

Bacterial counts, log10copies/g

Total bacteria 12.3 6 0.1* 12.5 6 0.0b 12.6 6 0.0ab 12.7 6 0.0a

Firmicutes 11.8 6 0.1* 12.0 6 0.0b 12.4 6 0.1a 12.3 6 0.1a

Bacteroidetes 12.1 6 0.1 12.3 6 0.1a 11.8 6 0.1b 12.4 6 0.0a

Bacterial ratios

Firmicutes:total bacteria 316 6 21 301 6 18b 675 6 26a 372 6 44b

Bacteroidetes:total bacteria 577 6 24 550 6 14a 185 6 27b 560 6 43a

Firmicutes:Bacteroidetes 565 6 65 552 6 44b 4410 6 840a 721 6 117b

1 Values are means 6 SEMs, n = 8. Asterisks indicate different from the HFC group; * P , 0.05, ** P , 0.01. Labeled means of 3 high fat

groups in a row without a common letter differ, P , 0.05. HFC, high-fat, control group; HFF, group fed the high-fat control diet

supplemented with 5% fructooligosaccharide; HFI, group fed the high-fat control diet supplemented with 5% inulin; NFC, normal-fat,

control group.
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In our previous study, we found that the ability to generate
H2 varied among the rats, even after administration of the same
fermentation substrate (13). In Expt. 3, a significant difference in
H2 excretion at specific time points was not detected between the
HFF and HFI groups, although the number of rats in the groups
increased to n = 8. In Expt. 3, the minimum sample size required
to define the difference between the both groups was calculated
as 18 rats per group by a power analysis based on the data of H2

excretion. A further study with a larger sample size is required to
evaluate the effect of colonic H2 generated from fructan.

This is the first study to our knowledge showing the localiza-
tion of H2 generated by fermentation in the large intestine to the
adipose tissue due to diffusion into the abdominal cavity. In ad-
dition, the reduced cytokine expression by FOS and inulin might
be partially dependent on increased production of H2 in the large
intestine. In the present study, intensive cytokine expression was
not induced in rats fed the HFC diet, because rats were fed for
only a short period of 4 wk. The effect of FOS and inulin on
adipose cytokine expression might be clearly observed if dietary-
induced obesity occurred through a longer feeding period. Colonic
H2 may have important implications in the suppressive effect
against metabolic syndrome via oxidative stress and inflammation.
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